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ABSTRACT
The deterioration of high temperature nickel-base superalloys under sustained
stresses has been a major concern for the power generation and aerospace industry. The
major failure mechanism for these materials at high temperatures is grain boundary
cavitation. Due to the complex composition and microstructure, a model Ni-18Cr-18Fe
ternary bicrystalline alloy was investigated to simplify the microstructure and allow
characterization of the grain boundary with respect to its neighboring grains and loading
axis. The objective of this research is to further understand the growth of carbides and
cavities during creep in nickel-base alloys as well as improve the procedures involved in
the testing and data acquisition of similar creep experiments.
Creep experiments on the bicrystalline alloys were performed at a constant
temperature of 700°C and a constant applied stress of 48 MPa to investigate the effects of
environment and time on creep and cavitation. The steady-state creep rate was described
by Norton's creep power law.
The carbides and cavities were analyzed with the aid of a scanning electron
microscope and various software programs. Carbides and cavities increased in area as
time increased. The carbides underwent a 'ripening' process, in which the number of
carbides decreases, but their sizes increase with time. After 'ripening', the carbides reach
their saturation point in which the carbides will cease to grow. This suggests the
conglomeration of several smaller carbides into one large carbide. The cavities nucleated
at carbides, and they grew by means of a vacancy condensation mechanism. Further
discussion of the data acquisition and analysis procedures are described in this thesis.
Chapter 1
INTRODUCTION AND BACKGROUND
./
1.1 Introduction
Nickel-base superalloys are the materials of choice for components in aircraft
engines and power generation equipment because of their high temperature strength and
durability. However, after a long period of time nickel-base superalloys will fail due to
sustained loading. Under a constant load or stress, these materials will creep at elevated
temperatures. One of the major failure mechanisms is grain boundary cavitation, which is
the growth of holes or voids in the material at the grain boundary due to constant loading
at elevated temperatures. As the material undergoes creep deformation, the rate of grain
boundary cavitation increases.
To examine the effects of creep in nickel-base superalloys, experiments were done
on a Ni-18Cr-18Fe bicrystalline alloy. This ternary alloy was investigated in order to
simplify the microstructure. Using a bicrystal allows characterization of the grain
boundary with respect to its neighboring grains and loading axis. Creep experiments
were performed at a temperature of 700°C and a stress of 48 MPa. The focus of this
effort is to further understand the mechanisms and kinetics of carbide and cavity growth
during creep.
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1.2 Previous Work
A similar investigation of cavity growth in the polycrystalline Ni-18Cr-18Fe
ternary alloy has been done. Liu (1996) investigated the effects of stress, temperature
and environment on creep. Based on Uu's results on creep and cavitation, a comparison
will be made between the effects of creep on a bicrystal as opposed to the effects on a
polycrystal of the same material. Uu suggested that the controlling mechanism for creep
is Norton's power law creep. In his analysis, it was determined that the stress exponent
was equal to 5 based on the model by Nabarro (1967). Further description on this
mechanism as well as others with different exponents will be presented later in the
chapter. Liu also suggested that the cavity volumetric growth rate is constant, which is
consistent with the model proposed by Dyson (1976) in which cavity growth is
constrained by creep in the neighboring materials. Lu (1994) presents a different model
for cavity growth which focuses mainly on the growth of cavities in nickel and nickel-
based alloys. Lu considered only diffusion, and he neglected the effects of plastic
deformation upon cavity growth. These two mechanisms will be described in more detail
later in this chapter.
1.3 Objective
The objectives of this research are to further understand the growth of carbides
and cavities during creep in nickel-base alloys as well as improve the procedures involved
in the testing and data acquisition of similar creep experiments. To accomplish these
objectives, creep experiments will be done on a low carbon Ni-18Cr-18Fe ternary
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bicrystal alloy. New techniques for data acquisition and analysis will be implemented by
incorporating digital image acquisition and processing.
Only bicrystals are used for experimental investigation from the same low carbon
Ni-18Cr-18Fe ternary alloy used in Liu's research. The base composition of this alloy is
similar to Inconel 718, but the aluminum and niobium precipitating strengthening
elements were not added.
1.4 Structure Of Thesis
The remaining portion of this chapter further describes the mechanisms of creep
in this investigation as well as cavitation. Chapter 2 consists of the method development
implemented in the experimental procedure, fracture procedure and data collection.
Chapter 3 describes in detail the experimental setup for the investigation. Chapter 4
further describes the steps used in the collection of data. It is in Chapter 4 that the steps
used in digital image processing of the material are outlined. The results will be shown in
Chapter 5 with some discussion, and Chapter 6 will be a further discussion on the
findings of this investigation. Chapter 7 will summarize the research as well as suggest
some future research on similar nickel-base superalloys.
1.5 Creep Background
For most metals there are three stages to creep. In the first (primary) stage, the
creep strain rate is initially large. At this stage creep is fairly rapid. In the secondary or
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steady-state stage, the strain rate is nearly constant as the material creeps at a steady rate.
The tertiary stage of the creep curve is the acceleration of the creep rate until final
fracture. At this stage the material plastically deforms until fracture. For engineering
applications of high temperature alloys, the most important creep stage is the steady-state
(secondary stage) creep rate at the desired stress and temperature.
Different creep mechanisms may operate in a material. These mechanisms
generally operate in parallel, and the fastest mechanism dominates. Depending on
temperature and stress, creep may be controlled by dislocation glide or by diffusion
through dislocation climb. First, at lower temperatures (T < 0.3 Tm), only elastic
deformation is encountered. At high temperatures and above the yield strength at room
temperature, conventional plastic flow by dislocation glide is obtained. If a stress and
temperature are selected just below the yield strength, power law creep or dislocation
climb takes place. At higher temperatures, bulk diffusion dominates (Flinn and Trojan,
1990). Since the testing is done below the yield strength, the models for dislocation
climb and diffusion will be described in further detail.
From Liu (1996), diffusional creep occurs by the flow of atoms from portions of
grain boundaries where they are under compression to other portions where they are
under tension. Creep flow is controlled by the stress state. If the creep rate is controlled
by vacancy diffusion through grains having a size d, then the creep rate is given by the
Nabarro-Herring creep law (Riedel, 1987). If the atoms diffuse along grain boundaries
instead of through the grains, then diffusional creep follows the Coble law (Riedel, 1987).
The difference between the two creep rates is that the Nabarro-Herring creep law takes
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into consideration the diffusion coefficient of the matrix, while the Coble law considers
the diffusion coefficient of the grain boundary as well as the thickness of the grain
boundary. In either case, the diffusional creep is characterized by a linear relationship
between the strain rate and the applied stress.
High temperature creep deformation in terms of the stress exponent and creep
activation energy has been considered (Weertman, 1984; Takeuchi and Argon, 1976). A
general agreement has been made that at high temperatures (T > 0.6 Tm) creep is
controlled by the climb of edge dislocations. By analyzing the measured activation
energies, it has been shown that dislocation climb is controlled by lattice self-diffusion.
Creep is also controlled by the climb of edge dislocations at intermediate temperatures
(0.3 Tm < T < 0.6Tm). An edge dislocation is defined as a line defect due to a plane of
missing atoms around which a strain field is developed. Measured activation energies are
smaller than those for lattice self-diffusion due to dislocation pores and grain boundaries
acting as diffusion paths (Spingarn et aI., 1979). Therefore, the edge dislocations are
controlled by core diffusion. Weertman (Weertman, 1984) states that the value of the
stress exponent in power law creep is 3 when the temperature is high enough for lattice
self diffusion to control the dislocation climb process. At intermediate temperature,
where core diffusion controls edge dislocation, the power law exponent has a value of 5.
Both of these theories are in agreement with the Nabarro (Nabarro, 1967) and the Evans
and Knowles (Evans and Knowles, 1977) models in terms of the value of the stress
exponent when either lattice self diffusion or core diffusion is the controlling process.
The difference between the three models are the methods used in obtaining the value for
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a. In his earlier research, Weertman (Weertman, 1968) suggests using a stress exponent
of 4 for dislocation creep in general. The experimental steady-state creep will be
compared to the calculated power law creep in which the stress exponent (n) will have the
value of 3,4 and 5.
Formulas for primary and secondary creep at high temperatures are described by
higher order math equations. Previous research has shown that creep rates at high
temperatures can be modeled as a power law at low stresses, and as an exponential law at
•high stresses (Lupine, 1981). Liu (1996) modeled the creep rate ( E) for this alloy by
Norton's power law creep:
£ = acr n (1.1 )
In the above equation, n and a are material parameters; and cr is the stress. The material
parameters that determine the value for a vary according to stress the exponent n. The
value for n is determined by the controlling mechanism for creep.
1.6 Cavitation Background
The subject of creep and fracture has long been dominated by the idea that grain
boundaries are inherently weak and fail by cavitation at elevated temperatures. Grain
boundary cavitation is the growth of voids (cavities) at the grain boundary due to a
constant stress at an elevated temperature. Particles at the grain boundary are the
nucleation sites of cavitation in a creeping alloy. Research has shown (Nix and
Gibeling, 1985) that at elevated temperatures and at low stresses where diffusion and
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creep are important, fracture by intergranular cavitation is the fastest and therefore the
dominant process. The fracture process is often brittle.
Two limiting kinds of diffusional cavity growth under creep conditions are
generally accepted: unconstrained and constrained. In unconstrained cavity growth,
cavities are present on all the grain boundaries, and they are free to grow until fracture.
For constrained cavity growth cavities are only present on isolated boundaries, and they
can grow only as the resulting displacements are accommodated by corresponding
displacements produced by creep in the surrounding matrix (Dyson, 1976; Rice, 1981).
Cavity growth can be controlled by grain boundary diffusion, cavity surface diffusion,
plastic deformation, or coupled diffusion and deformation.
Hull and Rimmer (1959) developed a model for diffusive cavity growth in which
an array of spherical cavities enlarge by absorbing vacancies from adjoining grain
boundaries. Further research on diffusional cavity growth has led to improved
specifications of the boundary conditions and solutions of the differential equations. The
equations based on grain boundary diffusion are based on the assumption that the cavities
have the equilibrium shapes of spheres (Hull and Rimmer, 1959).
A cavity can change its shape when surface diffusion is slower than grain
boundary diffusion. Chuang and Rice (1973) derived a mathematical relation between
the crack velocity, the flux of matter in the boundary ahead of the cavity and the radius of
curvature of the cavity surface adjacent to the crack tip. Lu (1994) modeled his equation
for cavity growth in nickel and nickel-based alloys after Chuang and Rice. In his
equation he assumes the mode of growth to be purely quasi-equilibrium:
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dV = -2nA Db()b
dt klL
(1.3)
where Db~ is the effective grain boundary diffusivity, k is the Boltzmann constant, 1L is
the environmental temperature and A is a constant given by the equation:
(1.4)
where (Jo is the applied stress, b is the radius of the specimen, a is the radius of the initial
cavity, p is the internal pressure, a is the cavity tip angle, 'Ys is the surface free energy and
.on is the atomic volume. lLhe cavity tip angle is given by the equation:
where 'Yb is the grain boundary surface energy.
Under constrained cavity growth, cavities are present on isolated boundaries.
Dyson (1976) introduced this concept in which the cavity growth on the cavitated
(1.5)
boundary can proceed only if the surrounding grains creep. lLhis is because the relative
grain displacements have to be accommodated by the vacancy supply rate at the adjacent
grain boundaries. Based on Liu's research, the volumetric cavity growth rates were
constant. Liu modeled the growth rate after Dyson in which the constant volumetric
growth rate of cavities is constrained by creep in neighboring materials.
Speight (1968) developed an equation for grain-boundary precipitates:
9
(1.2)
where t is the time and ro is the original radius of the particle. K is a constant depending
on material parameters (such as grain boundary diffusivity, grain boundary thickness and
atomic volume) and the Boltzman constant. K is also dependent on temperature. This
mechanism is one used for carbide growth.
The experimental carbide and cavity growth rates will be compared to the
mechanisms described in this section.
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Chapter 2
METHOD DEVELOPMENT
Brief descriptions on the techniques and methods used during this research will be
given in this chapter. First the experimental procedure will be described in which the
material is tested under constant stress and temperature for a duration of time. Reasons
for the choices of techniques used will be given as to why this procedure will give
accurate results. Once the material is tested, the specimen is then broken to analyze the
grain boundary. The second section of this chapter describes the fracture procedure in
which the grain boundary is first made brittle by hydrogen charging, and then the
specimen is rapidly fractured at low temperatures. Hydrogen embrittlement as well as the
fracture process will be described in this section. After fracture, the grain boundary is
then analyzed to identify the presence of carbides and cavities. The procedures used for
image analysis and statistical analysis are briefly described in this section.
2.1 Experimental Procedure
The goal of the experimental procedure is to simulate the constant stress in which
a component made of the nickel-base superalloy would be subjected to at a given
operating temperature. It is also desirable to model the surrounding environment. The
steps used to obtain this goal will be described separately in the following sections. The
first section will discuss how constant stress is applied to such a specimen. The second
section will discuss the environment and temperature control systems. Further
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description of the experimental procedure will be given in the next chapter on
experimental setup.
The first problem is in establishing a constant stress over a period of time on the
specimen. In other words, it is desirable to devise a setup in which the specimen creeps
due to an axial stress only. The simplest procedure is to use dead weight loading for the
creep experiments. The loading system basically consists of attaching the upper portion
of the specimen to the top of the test stand, and weights to the bottom portion of the
specimen. To maintain axiality, a load tray is designed so that the weights hang directly
below the specimen. In this manner, longitudinal creep is sustained. Further description
of the loading system is in Chapter 3.
Temperature and environment control is the next problem for the material. Since
nickel-base superalloys are used at high temperatures, a temperature control system has
to be designed to ensure a constant temperature at levels up to 700°C for a period of time
of at least 1000 hours. To simulate a high operating temperature, a 3-zone furnace is used
to heat the specimen up to the desired temperature, and in this case it is 700°C. The
specimen is placed in a retort so that the constant load can be applied while still
maintaining its temperature. Two thermocouples are attached to the upper an lower ends
of the gage section, and temperature readings are monitored daily. To ensure a constancy
and uniformity of temperature across the specimen, periodic readings are taken to ensure
uniformity over time. To avoid the failure of gaskets and seals, a cooling system is
implemented. Cold water passes through the passages in the retort.
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The retort is also used to provide environment control. For this study, oxygen and
argon are the two environments used. Before testing, the retort is evacuated to get rid of
any air that is present. Depending on the choice of environment, either oxygen or argon
fill the retort. Visual indication of the gas flow rate is done by inspecting the back
diffusion traps. The proper gaskets and seals are used to prohibit a gas leak in the system.
A more detailed description of the overall experimental setup is given in Chapter
3 on experimental setup.
2.2 Fracture Procedure
Once the specimens have been tested, the next step is to characterize and quantify
the grain boundary damage of the specimen. The grain boundary is the region where both
carbides and cavities coalesce due to creep (grain boundary cavitation). The grain
boundary is to be opened for examination without the introduction of additional damage
or excessive plastic deformation. In order to prevent this type of damage, the grain
boundary must be brittle, and the specimen must be fractured rapidly at low temperatures.
Previous research (Wei and Gao, 1990) has shown that the presence of hydrogen at the
grain boundary results in the embrittlement of the material at the grain boundary. This
section consists of the description for the fracture procedure, from the preparation of the
samples for embrittlement to the final fracture of the specimen.
Once the specimen has been taken out of the retort, it must be prepared for
hydrogen embrittlement. First the specimen is cut down to a length of approximately 15
millimeters. A notch is then machined into the specimen along the grain boundary. This
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notch simulates a crack for exposure of the grain boundary to hydrogen. Then a wire is
welded to the sample so that the sample can be charged with the hydrogen solution. The
next step is the placing of the sample into the hydrogen solution, then placing a direct
current on the sample as it is immersed in the solution for a period of about four weeks.
After four weeks the specimen is brittle around the grain boundary due to the exposure of
the grain boundary to the hydrogen solution. Further description of the hydrogen
charging technique is in appendix A.
After embrittlement the specimen is ready to be broken. A procedure which
ensures brittle fracture of the material must be implemented to preserve the facets of the
grain boundary. The material is first exposed to sub-zero temperatures. This is done by
immersing the specimen in liquid nitrogen. Once the specimen is at the same temperature
of the surrounding liquid (-40°C), the specimen is then broken in a rapid manner. The
process implemented consists of breaking the sample while still immersed in liquid
nitrogen. Since the temperature of liquid nitrogen is too cold for human hands, a fixture
was designed that holds the specimen in liquid nitrogen. The specimen is then broken by
striking a rod in which the end of the rod is placed over the ligament in the specimen.
The two pieces of the broken specimen then fall into a catch basin below the fixture.
Both the fixture and the catch basin are raised out of the liquid nitrogen, and the sample is
then placed in methanol. Further description on the fracture process as well as figures
illustrating the process are in appendix B.
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2.3 SEM And Image Analysis
Once the specimens have been broken, the fractured surfaces are then analyzed.
This analysis starts from the initial capturing of the image from a scanning electron
microscope (SEM) to the final plots of the carbide and cavity sizes. The image is
captured digitally, and this image is analyzed directly from the computer. This procedure
is more accurate than the previous one, decreasing analysis time by about 30%. This
section will describe how the image is captured and analyzed.
After the specimen is broken, there are two pieces in which the fractured surface
is exposed. These two pieces are analyzed on a scanning electron microscope. Since it is
desired to investigate carbides and cavities, the two analyzed fractured surfaces of the
specimen should be matching pairs of each other. In this manner one can determine
whether or not an indentation in the surface is due to a cavity or from its corresponding
carbide that is on the matching side. Once the matching sides are determined, the image
is captured for further analysis. This is done by saving the image directly to a computer.
The image becomes a digital image that can be imported into other analysis programs.
The image is first imported into Adobe Photoshop. The carbides and cavities are
correspondingly marked. Once the carbides and cavities have been identified, the new
images of carbides and cavities are then imported into a spatial analysis program. Using
Graftek's Ultimage Pro, the sizes and coordinates of the carbides and cavities are
determined. Once the desired quantitative values have been found, the data is saved in
spreadsheet form.
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The final goal of the image analysis is the determination of the growth rates of
cavities and carbides. This is done by analyzing the sizes of carbides and cavities for
each specimen. Using a statistical distribution, the data for each specimen is plotted. The
choice of statistical distribution is determined by the best fit of a linear regression through
the data. Once the linear regression has been obtained, the median values are calculated
and plotted with respect to their corresponding tested times. A curve is then fit to this
data to obtain the growth rates. A more in-depth description on the data collection and
analysis is in Chapter 4.
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Chapter 3
EXPE~ENTALSETUP
A laboratory for creep experiments has been established over the past several
years. Details on the laboratory can be found in other papers (Wolocott,1994, Liu,1996).
Brief descriptions and modifications to the testing system are given in this chapter. Four
creep machines were used in the laboratory, Figure 3-1.
3.1 Loading System
Dead weight loading was used for the creep experiments. The loading system for
one of the machines is shown in Figure 3-2. The specimen was held in the load train by
two pins which were perpendicular to each other. The upper and lower grips were
attached to the system by union couplings. The combination of the pull rod and the
coupling could be represented as a universal joint for the upper end of the held specimen.
The lower end of the specimen could be represented as a revolute joint due to the joint
attachment of the lower grip to the. pull rod. Because the upper end of the specimen had
two degrees of freedom, and the lower end only had one degree of freedom, any bending
moment was avoided, but torsional moments weren't. Because of this, attachment of the
lower grip and the rest of the assembly was done with great care. The load was directly
applied to the specimen, and the elongation was directly measured.
The initial load on the specimen due to the components of the loading system was
not ignored in determining the total load needed for the specimen. Therefore, each of the
17
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machines were calibrated. The calibration procedure can be found in appendix B. The
calibration curve for machine #1 is shown in Figure 3-3. Once the curve was determined,
the spring constant for the loading system was calculated. Another load taken into
account was that of the increased load due to elongation of the bellow caused by creep of
the specimen. To maintain a constant load on the specimen for the duration of the test,
four springs (see Fig. 3-2) were attached onto the loading system in order to compensate
for the elongation of the bellow.
Load Equation For Machine #1
45.000
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rc------o1-0-- [] Experimental
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Figure 3-3 Load Calibration for Machine #1
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3.2 Temperature Control System
Each machine had its own independent temperature control system. All retorts,
furnaces and furnace controllers were supplied by Applied Test System, Inc. Each
furnace was a 3-zone furnace in which each zone could be adjusted independently to
acquire uniform temperature in the furnace.
Eight N-type <\>0.0625" working thermocouples, two for each retort, were
calibrated using a standard thermocouple. The thermocouples were passed through the
top retort cap and their tips were wired to the specimen at the top and bottom of the
specimen gage length. Temperatures were checked and adjusted periodically to ensure
the temperature differences at each point was within ±2°C. The test temperature was
maintained constant to within ±2°C for each test.
3.3 Cooling System
A cooling system was implemented to ensure safe operating temperatures for the
retort gaskets and seals. Cooling was accomplished by passing cold water through the
passages in the retort, end caps, and pull rod which were in contact with the gaskets and
seals(Liu,1996). Water from a circulatory water chiller was used as the coolant source.
City water was used in the system in case of power failure. Figure 3-4 is a schematic
representation of the cooling system.
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3.4 Test Environment Control System
The environment control system, Figure 3-5, was built to facilitate the testing of
specimens in controlled environments at high temperatures. A retort was used in the
system to maintain a high-purity environment. The environments in which testing was
done in were oxygen and argon. For creep experiments in oxygen, 99.999% pure oxygen
was passed through a molecular sieve to remove moisture that might have been in the
tank. For creep experiments in argon, 99.998% pure argon was used.
Prior to testing, the retort was first evacuated with a mechanical pump to an
absolute pressure of 10-15 microns. The retort was then back filled with argon at room
temperature. This process was repeated at least once at each incremented temperature.
The retort was heated in steps of 200oe, 4000 e and 600°C. The temperature was then
increased to the desired testing temperature in argon. For tests in oxygen, a switch from
argon to oxygen was done at the desired testing temperature prior to starting the test. Gas
flow through each retort was maintained at approximately 1.2 liters per hour.
3.5 Data Acquisition System
The data acquisition system used was very similar to the one implemented by Liu
(Liu, 1996). The system measured and recorded the elongation of each specimen during
creep testing. If all four machines were running at the same time, the system had the
capability of measuring the elongation of all four specimens simultaneously. The system
consisted of an IBM AT computer, a printer, two two pen chart recorders, four DeDT
(direct-current linearly variable transformer) displacement transducers, a four channel
23
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linear amplifier, a four channel analog-to-digital (ND) board, and a signal conditioner.
Figure 3-6 represents the system.
Each DCDT transducer, series 7303/12-D supplied by AST, Inc., was mounted
below the retort next to the bellow (see Figure 3-2). A micrometer was positioned
directly below each DCDT to position them for operation within their linear ranges. The
signal from the DCDT was sent to a signal conditioner, series 4050 supplied by AST,
Inc., to reduce noise and amplify the signal to 50mV full scale. The signal was further
amplified by a four-channel linear amplifier to 5V required by the IBM A-D control
adapter.
Creep elongation was recorded by the computer and a chart recorder
simultaneously. The computer recorded the digital signals after the conversion from the
IBM A-D board. The chart recorders recorded the analog signals from the linear
amplifiers.
3.6 Experimental Procedures
The procedures listed below represent the steps taken for each experiment.
Further details on these procedures can be found in Appendix B.
1. Mechanically polish specimen and measure the appropriate dimensions.
2. Ultrasonically clean specimen in methanol for 10 minutes.
3. Place specimen into retort assembly.
4. Move retort assembly to the test machine.
5. Calibrate DCDT.
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6. Place 4.54 kilograms onto the load tray.
7. Warm-up and purify the retort.
8. Increase temperature to 400°C in incremental steps.
9. Remove the 4.54 kilograms from the load tray.
10. Increase temperature to the desired value, and stabilize this temperature for at
least 12 hours.
11. Calculate the load needed based on the preset stress level and load calibration
results.
12. Switch gas flow from Argon to the desired environment.
13. Place load onto load tray.
14. Start computer recording.
15. Start the chart recorder recording.
16. Check temperatures, cooling system, gas flow and chart recorders at least once a
day throughout the experiment.
17. Turn off the furnace after specimen has fractured, or at the preset testing time.
18. Remove load from the load tray.
19. Carefully remove specimen out of retort.
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Chapter 4
DATA COLLECTION
From capturing the image in the scanning electron microscope to the statistical
distributions, the entire analysis was done digitally. In other words, the image analysis
was done directly on the computer without having to scan pictures into certain software
applications. This chapter describes in detail how the data were obtained from the use of
various software packages.
4.1 Carbide And Cavity Identification
The identification of carbides and cavities in the material is a very important step
in the distribution analysis. The total areas of the particles can drastically change based
on one's perception of such particles as well as the accuracy of marking such particles.
By means of digitally capturing the image instead of taking a phtotgraph the accuracy in
determining the actual size of the particle or cavity improves.
The method used in this analysis was more efficient than that used previously
(Liu, 1996). The digitized images of sections of the fracture surfaces were directly
recorded as TIFF files from the scanning electron microscope (SEM). The individual
SEM images were then combined into one picture by using Adobe Photoshop 3.0.5.
Figure 4-1 is a typical micrograph obtained from the SEM. By viewing mating surfaces,
carbides were readily identified as 'bumps' in the material, where cavities were identified
as voids in the material that weren't associated with a corresponding carbide. In other
28
Figure 4-1 Typical Micrograph From SEM
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words, dimples left on one side from a carbide on the other side was not considered a
cavity. An example of the particle detection is shown in Figure 4-2. Based on previous
research (Liu, 1996), cavities formed around carbides. Therefore, voids were also marked
as cavities if they circumscribed a carbidic particle (carbide) (Lu, 1994). By using the
.layers option in Photoshop, a cavities layer as well as a carbides layer was created for the
picture. Cavities were outlined in red, and carbides were outlined in blue directly in
Photoshop. Once the layers were created, they were saved as separate files for further
analysis.
4.2 Particle Size and Orientation
The next step in the data collection is the quantitative size and orientation of the
carbides and cavities. The software package currently used is Graftek's Ultimage Pro. At
the onset of analysis, it is very important to obtain the correct scaling factor. The scaling
factor converts the pixel size to its corresponding size in microns, depending on the
magnification of the picture. The scaling factor equation is given by equation (4.1):
(Plength/ ) (1/ ) (lO,OOO/lml ) - . I/ # pixels x V mag. factor x /lcm - plxe length (/lm) (4.1)
In this case, plength is the length of the picture (9.06 em), and the number of pixels the
image was captured at was 1024 (#pixels = 1024). The magnification factor was 2500 X,
resulting in one pixel equal to 0.03527 /lm. Once the scaling factor has been entered, the
parameters saved for each particle are chosen from the preferences list. The list of
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parameters chosen for this analysis are shown in Table 4-1. Once the particle detection
has been done, the particle report is saved with the parameters for each particle.
Table 4-1 List Of Parameters For Each Particle
Parameters:
# Of Pixels
Center Of Mass X
Center Of Mass Y
Particle Perimeter
Particle Area
Scanned Area
Ratio (%)
Max Intercept
Mean Intercept Perpendicular
4.3 Particle Report
Equivalent Ellipse Minor Axis
Particle Orientation
Ellipse Major Axis
Ellipse Minor Axis
Ratio Of Ellipse Axes
Rectangle Big Side
Ratio Of Rectangular Sides
Elongation Factor
After the particle report has been saved in Ultimage Pro, it is imported into
Microsoft Excel. Since the eventual goal is to get a distribution on the particle areas, the
report is edited to show only the particle number and its corresponding area in square
microns. The cumulative distribution function (cdf) for each particle is also calculated in
Microsoft Excel. The file is then saved as a worksheet, thus preparing the file to be
imported into Jandel Scientific's SigmaPlot for plotting.
4.4 Carbide And Cavity Distributions
The final step in the data analysis is the proper presentation of the data. Using
Jandel Scientific's SigmaPlot, the area for each particle is plotted against the cdf of the
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corresponding particle. The non-parametric equations for the cdf of each particle (Pi) is
shown in Equation 4.2:
1p'=-
1 n+l
where i is the rank number of the particle and n is the total number of particles.
(4.2)
The data is plotted on a log-normal plot. Previous research has shown that the
equation for the sizes of the cavities and carbides best fits a log-normal plot. The
carbides fit best on a log-normal plot. However, after plotting the cavity sizes it was
observed that the data did not conform to a log-normal distribution. The distribution
appeared to reflect two distinctly different populations. The populations split at a cdf
value of O.65±O.03. The upper and lower portions of cavity data fit best using the
Frechet distribution. Equation 4.3 is the distribution function for the Frechet distribution.
F(x) = e_(~)a (Frechet) (4.3)
Using a linear regression analysis on the Frechet distribution, the median value was
calculated. The median value for the specimen was then plotted versus time in order to
obtain the growth rate.
To summarize, the carbides fit best according to the log-normal distribution, while
the upper and lower portions of cavities fit best according to the Frechet distribution. The
median values were then plotted in order to obtain the growth rates. The results of the
data analysis as well as an explanation for the two different populations of cavities will be
presented in Chapter 5 along with the creep results of the experiments.
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Chapter 5
RESULTS
This chapter consists of all the results obtained in this study. The test matrix for
the experiment as well as some pictures of tested specimens will be shown. Strain curves
and the corresponding steady-state creep rate will be described in this chapter. The
chapter will conclude with the distributions for the cavities and carbides. Further
discussion of the results will be presented in Chapter 6.
5.1 Crept Specimens
Ten bicrystalline specimens were tested in this study. Two different grain
boundary orientations were analyzed; one with the grain boundary plane at 90° to the
loading axis, the other at 45° to the loading axis. Table 5-1 is the test matrix of
specimens. In the table, I indicates that the test was interrupted, and the number
proceeding I represents the testing time. The creep analysis is based on all ten samples,
while the volumetric growth rates of the carbides and cavities are determined only from
the samples with a grain boundary orientation of 90° that were tested in argon. The
experiments were conducted at a single temperature and stress of 700°C and 48 MPa.
Pictures of the specimens after creep are shown in Figures 5-1 to 5-3. The deformation
due to the constant stress can be seen easily in these pictures. In order to compare
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deformation of the specimens, note the change in position of the bottom hole of the
specimen. The change in length of the specimen represents the extent of creep.
Table 5-1 Test Matrix of Specimens @ 48 MPa, 7000 e
Grain Boundary Argon Oxygen
Orientation
90° 1-200
1-400 1-400
1-600
1-800 1-800
45° 1-200
1-400 (2)
1-460
5.2 Strain Rate
As stated in the experimental setup, the change in creep elongation with time was
recorded by a chart recorder. Following Liu (1996), true creep strain was then calculated
for the specimens using Equation 5.1:
tiL
£= In(l+-)
La
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(5.1)
STRESS LEVEL =-48 MPa
200 Hours 400 Hours 600 Hours 800 Hours
o 10 20 30 40
Metric (mm)
Figure 5-1 Specimens Tested in Argon at 700°C; 90° G.B. orientation
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Figure 5-2 Specimens Tested in Oxygen at 700°C; 90° G.B. orientation
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Figure 5-2 Specimens Tested in Oxygen at 7000e; 90° G.B. orientation
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Figure 5-3 Specimens Tested in Argon at 700°C; 45° G.B. orientation
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Figure 5-3 Specimens Tested in Argon at 700°C; 45° G.B. orientation
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where ilL is the specimen elongation and Lois the original specimen gage length. Figures
5-4 to 5-6 are plots of creep strain as a function of time for the specimens.
•The steady-state creep rate, t 55 , was taken to be the average rate over the creep
strain range of 0.02 to 0.05 for each test. The average strain rate was taken as the steady-
state strain rate. The equation for the steady-state creep rate is shown in Equation 5.2:
(5.2)
where ta =0.02, tb =0.05, ta is the time to reach ta and tb is the time to reach tb. The
creep results are shown in Table 5.2.
5.3 Carbide and Cavity Distributions
As mentioned in Chapter 4, data on projected areas for carbides and cavities at the
grain boundaries were initially plotted on log-normal graphs. As shown in Figure 5-7, the
carbide distribution fits linearly on a log-normal graph. Figure 5-8 shows the nonlinearity
of the cavity distribution on a log-normal graph. As can be seen, the data splits in half
around the 65th percentile. After analyzing the grain-boundary of a non-crept specimen,
it was observed that pores were formed during the casting process used in growing the
bicrystal. The pores are spherical, and are smaller than irregularly shaped cavities. Since
pores are always present in the material, they are included in the measured cavity
distribution. The lower portion of the data is assumed to be populated by pores, while the
upper portion of the data is assumed to be made up of cavities. Using the Frechet
distribution, the pore and cavity distributions are shown in Figures 5-9 and 5-10.
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Table 5-2 Results of bicrystal creep experiments
ID# GB A P • T Gas Mach t &(j E ss
' ..
Bit 33-1 90 4.247 203.7 48 1.52 700 Ar 1 600 8.89
Bit 33-4 45 4.247 162.4 48 2.60 700 Ar 4 400 12.00
Bit 33-5 45 4.006 192.2 48 2.21 700 Ar 4 400 9.63
Bit 33-6 45 4.163 199.7 48 4.05 700 Ar 1 460 10.13
Bit 33-7 45 4.006 192.2 48 2.71 700 Ar 2 200 5.64
Bit 33-8 90 4.298 206.4 48 1.88 700 Ar 3 400 6.60
Bit 33-9 90 4.338 208.6 48 2.91 700 Ar 4 800 9.70
Bit 33-10 90 4.237 203.3 48 2.59 700 Ar 2 200 3.94
Bit 33-12 90 4.250 204.2 48 1.45 700 O2 1 800 9.12
Bit 33-13 90 4.076 195.7 48 0.88 700 02 2 400 3.76
GB: Grain Boundary orientation (0) A: Cross Sectional Area of Specimen (mm2)
P: Dead weight applied (N) £ss: Steady State Creep Strain Rate (10-2/S)
T: Test Temperature (OC) Gas: Environment (Argon/Oxygen)
Mach: Machine Number (1-4)
&: Creep elongation (mm)
t: Time duration (h)
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Since only a few samples were analyzed, the data is not adequate to serve as a
base for a model foundation. The data can be checked to the conformity of existing
theories of growth. The comparison of the data to existing theories will be discussed in
Chapter 6.
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Chapter 6
DISCUSSION
Further discussion of the results will be presented in this chapter. The steady-state
creep data will be compared to that of Norton's power law creep. The growth of carbides
will be compared to Speight's model on the growth kinetics of grain-boundary
precipitates. The growth rate for pores will be compared to Liu's model on the growth of
cavities. The growth rate for cavities will be compared to Lu's model on cavity growth.
6.1 Creep Analysis
As shown in the previous chapter, the steady-state creep rates were calculated for
the specimens. The rates will now be compared to Norton's power law. The equation for
power law creep was explained earlier in Chapter 1, in which the strain rate is equal to a
constant, (X., multiplied by the applied stress to some power, n (e= (X.an). Table 6-1 shows
the corresponding values for (X. based on the stress exponent values of n mentioned in
Chapter 1. Since all of the tests were run only at one stress, the constant for the creep rate
was calculated based on the three theories described.
On average, the specimens tested in the oxygen environment with a grain
boundary orientation of 90° had the slowest steady-state creep rate at 1.16 E-02 (1/s),
while the specimens tested in the argon environment with a grain boundary orientation of
45° had the fastest steady-state creep rate at 2.89 E-02 (l/s).
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Table 6-1 Steady State Creep Comparisons With Norton's Power Law - a Values
GBand ID# • a (n = 3) a (n = 4) a (n = 5)css(1/s)
Gas (s-I(MPar3) (s-I(MPar4) (s-I(MPar5)
9002 Bit 33-13 8.76 E-03 7.92 E-08 1.65 E-09 3.44 E-ll
90 O2 Bit 33-12 1.45 E-02 1.31 E-07 2.72 E-09 5.67 E-ll
90Ar Bit 33-1 1.52 E-02 1.37 E-07 2.85 E-09 5.95 E-11
90Ar Bit 33-8 1.88 E-02 1.70 E-07 3.55 E-09 7.39 E-ll
90Ar Bit 33-10 2.59 E-02 2.34 E-07 4.88 E-09 1.02 E-lO
90Ar Bit 33-9 2.91 E-02 2.63 E-07 5.48 E-09 1.14 E-lO
45 Ar Bit 33-5 2.21 E-02 2.00 E-07 4.16 E-09 8.66 E-ll
45 Ar Bit 33-4 2.60 E-02 2.35 E-07 4.89 E-09 1.02 E-lO
45 Ar Bit 33-7 2.71 E-02 2.45 E-07 5.10 E-09 1.06 E-lO
45 Ar Bit 33-6 4.05 E-02 3.66 E-07 7.63 E-09 1.59 E-lO
6.2 Carbide Analysis
Based on Speight's research on grain-boundary precipitates (Speight, 1968), the
growth rate for a particle is shown in equation 6.1:
(6.1)
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where K is a constant depending on material parameters as well as tested temperature, t is
the time duration and ro is the original radius of the particle. Speight's equation is based
on the assumption that the controlling rate process for particle growth is grain-boundary
diffusion. Carbide growth for this experiment can be modeled after Speight's modeL
Since Speight's equation considers the growth of the radius of a particle to the
power of 4, a linear regression was done through the median values of the carbide data
consisting of the area raised to the power of 2. A plot showing the growth of the carbides
and the corresponding linear fit is shown in Figure 6-1.
The number of carbides decreased with time, but their corresponding sizes
increased. For example, after 200 hours the number of carbides per sample space,
4000 J.lm2, was 240, but the average size was 1.83 J.1m2. After 800 hours the number of
carbides per sample space, 4000 J.1m2, was 130, but the average size was 2.69 J.1m2. This
process is known as 'ripening'. Once the carbides reach their saturation point, they will
cease to grow and will be considered 'ripened'. This may be due to the conglomeration of
several smaller carbides into one large carbide.
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6.3 Cavity Analysis
Since the data was split between a cavity and a pore portion due to the assumption
that there were two different mechanisms, the two portions will be discussed separate
from each other.
In comparison to Liu's research (Liu, 1996), the cavity growth of the polycrystal is
shown in equation 6.3:
(6.3)
where K is a constant, t is the time duration and to is the incubation time. Since pores are
present in the material before testing, there is no incubation time for pores. Liu modeled
the cavity growth based on a constant volumetric rate (dV/dt). Liu's equation is based on
constrained diffusive cavity growth, modeled by Dyson (Dyson, 1976). Dyson's research
stated that the cavity growth on the cavitated boundary can proceed only if the
surrounding grains creep. Pore growth for this experiment can be modeled after Liu.
Cavity growth can also be modeled after Liu. Figure 6-2 shows the growth of the
pores and cavities. Since it was assumed that the volumetric growth rate was constant,
the median values of the areas for the pores and cavities were raised to the power of 2/3.
The corresponding linear regressions are also shown in the figure.
The growth rate is compared to the constant volumetric growth rate described by
Lu (Lu, 1995). Lu considers only diffusional cavity growth, and the effects of inelastic
deformation upon cavity growth are neglected. As shown in Chapter 1 the equation for
volumetric growth rate is:
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(6.4)
Values for the material parameters were found in several papers. These values are
tabulated in Table 6-2. The values for surface free energy, grain boundary surface energy
and atomic volume were based on a material of pure nickel (Chuang et aI, 1978). The
value for the effective grain boundary diffusivity is found in Lu's paper (Lu, 1995). The
pressure is equal to 1 atm (101,325 Pa), and the initial cavity radius is based on the
median value of a cavity at 200 hours. Once the volumetric growth rate has been
calculated, it is compared to the experimental data by raising the area of the cavity to the
power of 1.5. This can be done if there is a linear correlation between the depth of the
cavity and its corresponding radius. The experimental results are within one order of
magnitude from the model predictions. See Table 6-3.
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Table 6-2 Parameters Used For Equation 6.4
Parameters Values
k (Boltzmann Constant) 1.38054 x 10-23 joule/atom K
T (Temperature) 973 K
DbOb (Effective G.B. Diffusivity) 3.47 x 10-22 to 5.85 X 10-23 m3/s
ao (Applied Stress) 48 x 106 Pa
p (Internal Pressure) 101.325 x 103 Pa
a (Initial Cavity Radius) 0.594 x 10-6 m
b (Specimen Radius) 5.334 x 10-4 m
Q (Atomic Volume) 1.094 x 10-29 m3
'Ys (Surface Free Energy) 0.69 joules/m2
'Yb (Grain Boundary Surface Energy) 1.725 joules/m2
Table 6-3 Comparison Of Cavity Growth Results
Time Hours (seconds) Calculated (max and min, m3) Experimental (m3)
200 (720,000) 2.07 E-17 and 3.49 E-18 1.17 E-18
600 (2,160,000) 6.21 E-17 and 1.05 E-17 6.10 E -18
800 (2,880,000) 8.28 E-17 and 1.40 E-17 8.98E-18
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Chapter 7
SUMMARY
More analysis needs to be done on the bicrystals tested for this thesis. A summary
as to what was achieved through these experiments as well as some suggestions for future
work will be presented in this chapter.
7.1 Summary
The goal of this thesis was to further understand the growth of carbides and
cavities during creep in nickel-base alloys as well as improve the procedures involved in
the testing and data acquisition of similar creep experiments. This was done by
investigating the effects of environment and time on creep for a Ni-18Cr-18Fe
bicrystalline alloy. Experiments were performed at a temperature of 700°C and a stress
level of 48 MPa. Conclusions on the research are as follows:
1. The procedure for the acquisition of data has been created in which the entire
analysis is done by digital image processing. Once the image of the fractured
surface has been captured digitally, it can be analyzed qualitatively as well as
quantitatively directly by computer.
2. A fracture procedure has been designed which ensures brittle fracture by
breaking the specimen while immersed in liquid nitrogen.
3. Experimental tests have shown that the Ni-18Fe-18Cr bicrystal creeps in a manner
similar to Norton's creep power law.
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4. Specimens having a 45° grain-boundary orientation creep at a faster rate than
specimens having a 90° grain-boundary orientation.
5. Carbides will eventually reach a saturation point in which a maximum size will be
reached, and they will no longer grow. The model for carbide growth can be
modeled after Speight's analysis.
6. The growth of pores and cavities occurs simultaneously. The model for the
volumetric growth of pores is based on the assumption that pores are spherical in
shape. The volumetric growth of cavities is similar to that of Lu's model for
environmentally-enhanced cavity growth in nickel and nickel-based alloys.
7. Cavitation can be modeled after Liu in the assumption that the volumetric growth
rate is constant. The growth of cavities is due to a vacancy condensation
mechanism.
7.2 Future Work
More work needs to be done on bicrystals in general in order to further understand
~rain boundary failure. Currently nickel-base alloys are being investigated because of
their high temperature strength. Further research on commercial nickel-based alloys such
as Inconel 718 as bicrystals should be analyzed in order to understand cavity growth for
those materials as well. Tests may be run to investigate the effects of grain-boundary
orientation, stress and temperature on cavity growth and ultimate failure of the material
itself. Rupture times for nickel-based bicrystals should also be analyzed because of the
.-
decrease in strength it has as compared to its polycrystal counterpart.
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Appendix A
HYDROGEN CHARGING TECHNIQUE
A.I General Procedures
1. Cut sample of specimen from tested material. A typical size for the sample is
hnm x 2.5mm xI5mm (see Figure A-I).
2. Polish the top and bottom surface of the sample (2.5mm x I5mm) with 240 grit
silicon carbide paper down to 1500 grit silicon carbide paper.
3. Cut a notch from one side of the specimen to the other with a diamond saw. The
remaining ligament should be no longer than Imm (see Figure A-I).
4. Weld a wire to the sample (Refer to Welding Procedure).
5. Coat the area from the" edge of the wire to the edge of the specimen with lacquer.
6. Electro-polish the sample (Refer to Electro-Polishing Procedure)
7. Calculate the area of the exposed sample area.
8. Electrolytically charge the sample with hydrogen in a
(26.6 mL H2S04 + 973.4 mL H20 + .25g/L NaAs02) solution for at least four
weeks (Refer to Hydrogen Charging Procedure).
9. Break the sample (Refer to Fracture Procedure).
10. Place both pieces of the sample into liquid methanol immediately after fracture.
11. Dry and mount both pieces of the sample.
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Figure A-I Schematic drawing ofa hydrogen charging sample.
A.2 Welding Procedure
1. Clean both the sample and the wire (22 gage) with acetone.
2. Review the operating instructions.
3. Set the parameters in the welding machine:
Use the smaller welding section (right side of the system)
High Range
Choose the correct welding electrode
Force = 400 Nt.
Current =0.5 rnA
4. Place sample and wire in their proper position and depress the pedal until the wire
is welded to the specimen.
A.3 Electro-Polishing Procedure
1. Mix electro-polishing solution (10% H2S04+90% Methanol by volume). Slowly
add H2S04 into the Methanol while stirrring.
2. Connect sample to the anode section of the power supply.
3. Place sample near center of chamber.
4. Set Voltage =24-26V
5. Pour electro-polishing solution into polishing chamber.
6. Pour liquid nitrogen into the chamber.
7. Remove sample after 3-5 minutes.
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A.4 Hydrogen Charging Procedure
1. ' Mix charging solution (26.6 mL H2S04 + 973.4 mL Distilled H20 + O.2SglL
NaAs02). Handle with Care!
2. Mount the sample to a holder so that the specimen is immersed in the solution.
3. Connect the sample as the cathode (-) to an ammeter, and connect the platinum
foil as the anode (+) to a D.C. power supply.' (See Figure A-2).
4. Set electric current to 0.40Ncm2 in terms of the exposed area of the sample.
5. Turn on the D.C. power supply.
6. Constantly stir solution with a magnetic stirrer.
A.S Fracture Procedure
1. Place sample into fixture (See Figures A-3 and A-4).
2. Align sample so that striking rod is aligned with ligament.
3. Place catch basin in dewar.
4. Place fixture in dewar.
5. Pour liquid nitrogen into dewar.
6. Strike rod with mallet.
7. Remove fixture along with catch basin.
8. Remove fractured specimen from catch basin.
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AppendixB
BICRYSTAL EXPERIMENT PROCEDURES
Procedures such as specimen polishing, temperature calibration and gas system
operation are explained in detail in other papers (Liu, 1996). The procedures described in
this appendix are those which were conducted for the bicrystal experiments.
B.l Specimen Dimension Measurements
1. Place the specimen on the standard table to check for bending or twist in the
specimen.
2. Measure the appropriate dimensions as shown in Figure B-1 with a micrometer
and Vernier calipers where necessary.
B.2 Loading System Calibration
1. Attach one end of a rod to the test stand, and the other end to the load cell.
2. Attach eye bolt to other end of load cell.
3. Assemble the bottom portion of the loading system to the retort. Use wire to
secure this portion to the eye bolt (See Figure B-2).
4. Measure the distance between the upper and lower plate as shown in Figure B-2.
5. Record the voltage from the load cell.
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6. Increase the load on the system by decreasing the rod length between the top of
the test stand and the load cell.
7. Repeat Steps 4-6 two times.
8. Decrease the load on the system by increasing the rod length between the top of
the test stand and the load cell.
9. Repeat Steps 4 and 5.
10. Repeat Steps 8 and 9 two times.
11. Repeat Steps 4-10 two times.
12. Plot all data, and fit a linear regression curve to the data.
B.3 System Shut-Down
1. Stop the appropriate data acquisition system on the computer.
2. Stop the appropriate c'hart recorder.
3. Close the gas input valve.
4. Record the temperature of the two thermocouples and shut down the furnace.
5. Cool down the furnace and retort to room temperature.
B.4 Specimen Unloading
During the process of removing parts, caution should be taken towards not
twisting the pull rod and other components.
1. Once the furnace has reached room temperature, close the cooling water valves
for the appropriate test machine.
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2. Close the gas input valve and disconnect the gas input and output hoses from the
retort.
3. Disconnect all water hoses and thermocouple wires.
4. Open the furnace by releasing the latches on the furnace itself.
5. Disconnect upper pull rod from test stand.
6. Disconnect lower pull rod from the load tray.
7. Disconnect the top and bottom retort holders (half flange). Remove bottom
holder first.
8. Move retort system from test stand to temporary stand.
9. Holding the retort on the stand, tighten the half flange to secure the retort.
10. Remove the water jacket from the lower pull rod.
11. Loosen the lower pull rod gas seal screw, and remove the bottom clamp.
12. Remove the bottom cap of the retort.
13. Remove the top clamp.
14. Remove the half flange from the retort stand, and using one hand to hold the top
retort cap and the other to hold the retort, separate the two.
15. Place retort on the desk, and return the specimen-rod assembly to the retort stand.
16. Unwire the thermocouples from the specimen.
17. Remove the bottom and t9P pins from the specimen, and remove the specimen.
18. Measure the appropriate dimensions as shown in Figure B-3.
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B.5 SpecimenIRetort Assembly
1. Clean the specimen in methanol for 15 minutes in an ultrasonic cleaner.
2. Wearing latex gloves, clean all metal parts with acetone.
3. Place the end cap in the stand, with the gas port facing the stand.
4. Slide cap, ferrings and union fittings onto the thermocouples.
5. Remove the specim~n grip and pull rod union fitting.
6. Slide the thermocouples into the upper end cap and through the heat shields.
7. Screw the union fittings into the upper end cap. Do not fully tighten.
8. Position the thermocouples to their approximate test positions.
9. Applying milk of magnesium to the threads, attach the specimen grip to the pull
rod union fitting.
10. Applying milk of magnesium to the threads, attach the grip and pull rod union
fitting assembly to the upper pull rod.
11. Attach the specimen.
12. Position the upper and lower thermocouples to the upper and lower ends of the
specimen.
13. Loosely wire the thermocouples to the specimen.
14. Tighten the thermocouple fittings. First tighten the union fitting, and then tighten
the cap.
15. Attach lower grip, union fitting and pull rod to specimen. Position the lower pull
rod so that the lower cooling jacket will be parallel to the upper pull rod's cooling
jacket.
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16. If necessary, wash the entire assembly with acetone.
17. Place a small amount of vacuum grease on the upper retort gasket fitting.
18. Place gasket on the retort.
19. Lift the entire specimen assembly up and lower into retort. Do not knock the
assembly against the interior side of the retort. The upper cooling jackets should
be facing the~opposite of the gas port.
20. Clamp the upper end cap to the retort.
21. Loosen the pull rod fitting located on the bottom of the lower end cap.
22. Apply a small amount of vacuum grease on the lower pull rod.
23. Place the gasket onto the lower end cap.
24. Slide the lower end cap onto the lower pull rod.
25. Align the lower end Gap's cooling jacket with the other cooling jackets.
26. Clamp the lower end cap to the retort.
B.6 Warm-up Retort
1. Check the retort for leakage.
2. Place the retort assembly into the holding brackets of the machine.
3. Attach the upper half flange.
4. Attach the lower flange.
5. Close the furnace.
6. Attach the thermocouple wires to the system.
7. Record the temperatures from the two zones.
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8. Place 4.54 kilograms onto the load tray.
9. Connect the inlet gas port to the vacuum pump and operate pump until desired
pressure (10-15 microns) has been obtained. Record this pressure.
10. Release the vacuum, and turn the vacuum pump off.
11. Attach the water cooling hoses to the retort assembly.
12. Switch the retort input gas port connection to Argon, and open the input valve.
13. Close the output gas valve.
14. Connect the output gas hose to the retort output gas port.
15. Wait for establishment of small pressure inside the retort.
16. Adjust the flow rate to about 30 gas bubbles a minute.
17. Increase temperature to 200°C, and wait for a stable temperature reading.
18. Close the output and input gas valves.
19. Repeat steps 9 to 16 until close to desired temperature.
20. Increase in small temperature increments to desired temperature. Adjust the two
temperature zones with Argon flowing.
21. If operating in Oxygen, switch over from Argon.
B.7 DCDT Calibration
1. Turn on the DCDT main switch prior to the test and warm up for 20 minutes.
2. Set the calibrate/operate switch on calibrate position. Set the range
potentiometer to approximately full scale.
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3. Adjust the zero adjustment potentiometer to produce zero volt read-out on the
digital voltmeter. Check for the proper voltage scale on the voltmeter.
4. Place the calibrate/operate switch to operate position.
5. Adjust the micrometer until zero volts is obtained.
6. Move the micrometer up 0.050" (i.e. 2 turns clockwise) and set the digital reading
to +5.0V or -5.0V using the range adjust potentiometer. This sets the calibration
factor to 1.0Y =0.001".
7. Move the micrometer down to 0.100" (i.e. 4 turns clockwise). The voltmeter
reading should be -5.0Y or +5.0V.
8. Record the initial and final readings on the voltmeter before and after the four
turns.
machine #:
initial reading =
final reading =
B.S Test Start-Up
1. Set the retort environment.
2. Check the water system for proper operation and uniform temperatures.
3. Place the full load into the load tray.
4. T-urn on the timer.
5. Interrupt the computer, and following the directions on the computer screen, re-
run the program to collect the new test data on the computer.
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6. Turn on the chart recorder.
B.9 Check Points
Before warm-up, it is important to check if the cooling hoses are correctly
connected, and that water is flowing through these hoses. Also double check to see if the
thermocouples are correctly connected.
Before and after starting the test, the temperatures should be uniform. Check to
see if the gas environment is the correct one. Double check the weight on the load tray.
The data collection system should be re-checked to see if the DCDT is in linear range
(-S.OV to +S.OV), the computer is collecting data, and the chart recorder is working.
78
VITA
Edward John Zanoni was born on October 24, 1971, in Pittsburgh, Pennsylvania,
the son of Dr. Edward A. Zanoni and Mrs. Helen H. Zanoni. He earned his high school
diploma with high honors from Seton-LaSalle High School in Pittsburgh, Pennsylvania in
1990. After completion of high school, he began his undergraduate studies at Virginia
Polytechnic Institute and State University in Blacksburg, Virginia. In 1992 he entered the
CO-OP program in which he worked for Autoclave Engineers Inc. in Erie, Pennsylvania
as a manufacturing engineer. In May of 1995, Mr. Zanoni graduated from Virginia
Polytechnic Institute and State University with the degxee of Bachelor of Science in
Mechanical Engineering.
In June of 1995, Mr. Zanoni began his graduate research work at Lehigh
University in Bethlehem, Pennsylvania. At Lehigh he worked as a research assistant
under the supervision of Dr. Robert P. Wei in pursuit of a Master of Science in
Mechanical Engineering. His research was mainly on the mechanical behaviors of metals
and alloys.
Mr. Zanoni is a member of ASME.
79
END
. OF
f
TITLE·
